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P R E L IM IN A R Y  IN V E ~ T ~ & ~ N  6 ~  A  N E W  T Y P E  O F  S U P E R S O N IC  IN L E T I 

B y  A N T O N I O  FERRI  a n d  L O U IS  M . NUCCI  

S U M M A R Y  

A  superson ic  inlet wi th superson ic  dece lera t ion  of the f low 
ent i rely outs ide of the inlet is cons idered.  A  part icular  a r range-  
m e n t t i th$xed g e o m e try ha.v ing a  centra l  b o d y  with a  circular 
annu la r  in take is ana lyzed,  a n d  it is s h o w n  theoret ical ly that 
this a r rangemen t  g ives h igh  p ressure  recovery  for a  la rge  r a n g e  
of M a c h  n u m b e r  a n d  mass  $ 0 ~  a n d  therefore is pract ical  for 
use  o n  superson ic  a i rp lanes  a n d  missi les. For  s o m e  M a c h  
n u m b e r s  the d r a g  coe$ic ient  for this type of inlet is la rger  than  
the d r a g  coef icient for the type of inlet wi th superson ic  com-  
press ion  ent i rely inside,  but  the p ressure  recovery  is la , rger  for 
al lsight condi t ions.  T h e  d i f lerences in  d r a g  can  b e  e l iminated 
for the des ign  M a c h  number .  

T h e  l imitat ion of the start ing condi t ions fixes the maxi -  
m u m  poss ib le  contract ion rat io of the di f fuser that permi ts  
the no rma l  shock to enter .  A  s t rong shock inevi tably occurs  
ins ide the di f fuser in  the d ivergent  par t  a n d  limits the maxi -  
m u m  ob ta inab le  p ressure  recovery.  T h e  subson ic  losses 
a re  a lso  la rge  because  the s t rong shock tends to p roduce  
separat ion.  

Exper imenta l  results con;f i rm the results of the theoret ical  
analysis  a n d  s h o w  that p ressure  recover ies  of 9 5  percent  for 
M a c h  n u m b e r s  of 1 .33  a n d  1.52,  9 2  percent  for a  M a c h  n u m b e r  
of 1.72,  a n d  8 6  percent  for a  M a c h  n u m b e r  of 2 .10  a re  poss ib le  
with the conJ igura l ions  cons idered.  If the massJRow decreases,  
the total d r a g  coescient  increases gradua l ly  a n d  lhe  p ressure  
recovery  d o e s  not  c h a n g e  apprec iab ly .  T h e  resul is of this work  
w e r e  Jirst p resen ted  in  a  classi j ied documen t  issued in  1946 .  

“‘p 2  =  I .224 

INTRODUCTION 

T h e  dece lera t ion  of a i r  f rom superson ic  to subson ic  M a c h  
n u m b e r s  is a n  impor tant  p rob lem that is encoun te red  in  the 
des ign  of superson ic  r a m  jets a n d  turbojets.  T h e  possibi l i ty 
of the pract ical  use  of the ram-jet  o r  turbojet  systems for 
a i rp lanes  d e p e n d s  to a  la rge  extent  o n  the h igh  p ressure  
recovery  of the air  inlet. 

(0)  

A n  inlet des igned  so  that al l  the superson ic  par t  of the 
compress ion  was  in ternal  was  ana lyzed  in  re ference 1, wh ich  
s h o w e d  that h igh  p ressure  recovery  is poss ib le  if the M a c h  

& > P *  

n u m b e r  cor responds  to the des ign  M a c h  n u m b e r  a n d  the ______c__- - -  

mass  f low cor responds  to the des ign  mass  flow. Re fe rence  1  
also s h o w e d  that the p ressure  recovery  decreases  notab ly  M,= l .70  

a n d  abrupt ly  if the M a c h  n u m b e r  a n d  the mass  f low wh ich  I 

must  g o  into the inlet dec rease  f rom the va lues  f ixed for 
the des ign  condi t ions.  T h e  external  d r a g  wh ich  can  b e  
very smal l  for the des ign  condi t ions (fig. 1  (a))  changes  
suddenly ,  also, a n d  b e c o m e s  very la rge  w h e n  the M a c h  
n u m b e r  o r  the mass  f low decreases  f rom the va lues  f ixed for (b)  

the des ign  condi t ions because  in  this case  a  s t rong shock 
\ 

occurs in  front of the inlet (fig. 1  (b)).  T h e  p ressure  recovery  
a lso  decreases  rapidlyl i f l the M a c h  n u m b e r  is inc reased  in  
compar ison  with the des ign  M a c h  number .  

---------t-y\ 

(a)  Mass  f low cor respond ing  to dcs ign condi t ion.  
(b)  Mess  f low lower  than va lue  for des ign  condi t ion;  

Fmr in~  l . -Schemat ic  d i ag ram of ae rodynamic  p h e n o m e n a  for a n  in let  wi th  a l l  in ternal  
compress ion  wi th  di f ferent  mess- f low condi t ions for M1=1 .7 .  

1  Supersedes  N A C A  TN  2286,  “Pre l im inary  Invest igat ion of a  N e w  Type of Superson ic  Inlet” by An ton io  Per r i  a n d  Lou is  M.  Nucci ,  1961 .  

1  
k.- - -_  
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When the free-stream Mach number is lower than the 
design Mach number and the free-stream Mach number is 
attained by decreasing speed from a Mach number higher 
than the design Mach number, two equilibrium conditions 
are possible and it is possible to pass from one condition to 
the other with an abrupt “jump” of flow characteristics. 
The reason for this jump, which can be dangerous for a 
supersonic airplane, is as follows: If the Mach number is 
higher than the design Mach number and the strong shock 
is inside the inlet, when the free-stream Mach number 
decreases, the limitation of the starting conditions no longer 
exists because the strong shock has passed the minimum 
section and therefore the contraction ratio can be smaller 
than the fisctl value f$r starting; the converging part of the 
diffuser remains supersonic even though the Mach number 
is lower than the design Mach number. This condition is 
only partly stable, however, and it is possible to pass abruptly 
from this condition to the stable condition having a normal 
shocB in front. When the internal shock is near the mini- 
mum section, if the back prcssm'c is increased slightly, the 
internal shock jumps outside the inlet and remains in this 
position because the size of the throat is too small to permit 
the shoclc to go inside again. The passage from one cquilib- 
rium condition to the other produces abrupt changes in 
the values of mass flow, drag, and pressure recovery, varia- 
tions which increase if the diffcrcncc between the flight Mach 
number and the starting Mach number increases. 

These phenomena are characteristic of the diffuser having 
fisecl geometry n.nd intcrnnl supersonic compression. It is 
therefore natural to think that bcttrr results can be obtained 
with either variable-gcomctry diffusers or diffusers with 
external supersonic compression. Sonic work in this clircc- 
tion was started at GGttingcn and was prcsentccl by 
Oswatitsch and B&m (refcrcnccs 2 and 3). Before the 
Oswatitsch work was known in the Uuitccl States, inclcpcnd- 
ent work in this ficltl was hcgun l)y the National Advisory 
Committee for Acronaut,ics using tliflcrcnt criteria. Some 
results of this work nrc summat.izCd in the prcscnt report, 
which was originally issuctl as a chlssificcl document in 1946. 

The problem that Oswnt,itscli had in mind was the design 
of an air inlet for missiles that must operate only at high 
Mach numl)crs and therefore must have high pressure 
recovery and low drag in this Mach number range. Hc 
therefore chose a compromise between csternal and internal 
compression for his inlet. In his design the disaclvantagcs 
of the type of inlet with a11 internal compression were re- 
duced but not eliminated. For his problem, however, these 
disadvantages did not product any inconveniences. In the 
NACA work, the problem was the design of an inlet for a 
supersonic airplane, which requires a large operating range 
of Mach number and continuity of flow phenomena. Thr 
range of Mach number was lower than the range considered 
by Oswatitsch. An inlet which had all external supersonic 
compression for the condition of optimum pressure recovery 
was therefore chosen. 

As will be shown in the analysis of t,his t,ypc of inlet, the USC 
of all external supersonic compression gives the following 

advantages and disadvantages in comparison with the pre- 
ceding types of inlet: 

(a) The inlet with constant geometry can operate with high 
pressure recovery for a large Mach number range. 

(b) The inlet does not present discontinuities of pressure 
recovery for large variations of mass flow. If the mass flow 
is decreased, the drag increases more gradually and is less 
than that for the other known types of inlet and the pressure 
recovery remains high. 

(c) The inlet does not have two stable conditions of equi- 
librium for some range of lMach number. 

(d) The inlet is not sensitive to small variations of angle 
of at tack. 

(e) The external drag, in general, is larger because a 
stronger shock must be produced outside. In a supersonic 
airplane, however, it is possible to use the external compres- 
sion produced by some parts of the airplane independently of 
the type of inlet chosen or, in other words, it is possible to 
locate the inlet in a zone in which the flow is decelerated by 
the presence of some part of the airplane. In this case the 
increase in drag due to the external compression of the inlet 
can be reduced. 

SYMBOLS 

;i 
longitudinal coordinate of cone 
radius of cone 

Xl longitudinal coordinate of cowling 
1TI’l internal radius of cowling 
I?, external raclius of cowling 
A4 Mach number 
P pressure 
0, angle of cone of central body 
0s angle of conical shock 
01 cowling-position parameter, angle between axis of inlet 

and straight line tbat connect’s vertex of cone with lip . 
of cowling (see fig. 2) 

G, external pressure-drag coeficient 
C Da atlditivc-drag coefikient 

direction of skcamline 
gubscripts: 
0 initial stagnation conditions 
1 free-stream conditions 
2, 3 st#ations 
f final conditions (stagnat,ion conditions after decelera- 

tion into inlet) 

THEORETICAL ANALYSIS 

Aerodynamic design of inlet.-An annular circular inlet 
having a central body was considered for the theoretical 
analysis. This arrangement was chosen because it could be 
practically used in front of the fuselage of supersonic airplanes 
or missiles and because a complete theoretical analysis of the 
supersonic part of the flow was possible for a circular inlet. 
For this arrangement an evaluation of the pressure recovery 
that can bc obtained in the supersonic part of the compression 
and of the external drag of the inlet is possible, and hence a 
comparison with the other types of inlet can be made. 

-- - I 
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PRELIMINARY INVESTIGATION OF A NEW TYPE OF SUPERSONIC INLET 3 
The frontal type of inlet permits the avoiding or reducing 

of the,interference between shock and boundary layer which 
usually produces separation, interference which can exist 
when the inlet is not of the frontal type. Because the aero- 
dynamic principle of this inlet does not necessarily involve 
the use of a circular body, it must be possible to apply the 
same principle and obtain similar results with an inlet placed 
on a noncircular fuselage. The practical design becomes 
much more complicated, however, because the phenomena 
cannot be analyzed theoretically at present. 

The geometrical arrangement analyzed is shown in figure 
2. A central body placed in front of the inlet procluces a 
deceleration of the flow so that the flow at the inlet has a 
low supersonic or high subsonic speed. The diffuser has a 
divergent section and therefore the deceleration from super- 
sonic Mach number to subsonic Mach number must occur 
with a strong shock. When the pressure at the end of the 
diffuser corresponds to the optimum condition, the strong 
shock is at the lip of the inlet. 

The diffusion losses can be divided into two parts-the 
losses for decelerating tho flow from supersonic to subsonic 

8 Mach numbers and the subsonic losses. The supersonic 
losses depend principally on the losses across the shock waves 
whereas the subsonic losses depend on friction and separation. 
For flight Mach numbers of the order of 1.3 to 2.0 the kinetic 
energy of the flow at subsonic hlach numbers is an important 
part of the total kinetic energy of the flow and therefore the 
subsonic diffuser must be considered in the analysis. 

The losses in the supersonic part of the compression clcpcnd 
011 the losses across the conical shock and the losses ac’ross the 
strong shock. The conical compression is vrry cficicnt 
because part of the compression behind the conical shock 
occurs isentropically and because the compression occurs 
before the boundary layer is formed on the central body; 
thus the increase of pressure does not affect the boundary- 

\ ‘\- -b---Strong shock \ 

\ 

\ \ 

,--- Conical shock 

\ 
FIGURE Z.-Arrangement of the inlet considered. 

layer thickness. The shock at the entrance is less efficient 
because it is a strong shock and tends to produce separation 
of the boundary layer; thus the subsonic efficiency is 
decreased. For this reason the conical compression consid- 
ered is always a large part of the supersonic compression; 
therefore, large cone angles are considered. 

Theoretically it is possible to obtain compression in front 
of the inlet more gradually and thus to reduce or eliininate 
the losses of the conical compression. In this case, however, 
the boundary layer at the surface of the central bocly under- 
goes a strong unfavorable pressure gradient, and the central 
body must be much longer to avoid large external drag and 
to have the envelope of the compression waves near the lip 
of the cowling. This condition is necessary to avoid high 
drag, as will be explained later. The phenomena in the 
boundary layer corresponcling to the strong shock, for the 
preceding reasons, become more critical and the subsonic 
efficiency can clecrease notably. With a body designed for 
gradual compression, it also becomes difficult to avoid 
detached shocks at Mach numbers lower than the design 
Mach number. For this reason large increases of pressure 
recovery cannot bc expected in the Machsnumber range con- 
siclcrcd by using gradual frontal compression and low-drag 
design. Thus, this type of compression is not considered in 
this preliminary investigation. 

Additive drag.-In order to clcfine the geometry of the 
inlet, the cone angle and the shape and location of the cowling 
with respect to the central body must be fixed. For practical 
calculatiou of the net thrust of a ram-jet or turbojet vehicle, 
the thrust giveu by the engiuc and the drag due to the engine 
must bc dctcrmincd; therefore, for cfficicnt operation, the 
gcomctry of the inlet must be fixed in such a way as to obtain 
high pressure recovery and low external drag. For the type 
of inlet considered, the central-body cone angle is the most 
important parameter affecting the pressure recovery, whereas 
the value of the drag is strongly affected by the shape and 
position of the cowling with respect to the central bocly. 

In order to describe consistently the properties of super- 
sonic inlets with external compression only by means of 
pressure recovery and external-drag coefficient, a careful 
analysis of what must be callecl “external drag” is required 
and another drag force must be added to the pressure and 
viscous drags of the external part of the cowling which, in 
the original classified version of this report issued in 1946, 
was called “additive drag.” The definition of this drag and 
the reason for its inclusion can be obtained from the following 
considerations. 

The thrust due to the engine can be determined by means 
of the impulse-momentum law applied to the stream tube 
(fig. 3 (a)) entering the inlet between station 1 in the free 
stream and station 4 at the exit of the inlet. With this 
definition of thrust, the only value required in order to take 
into account the properties of the inlet is the value of the 
pressure recovery defined as the ratio of the total pressure 
at the end of the inlet (station 3) to the free-stream total 
pressure (station 1). 
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If the thrust is defined differently, as for example, by the 
impulse-momentum law between the entrance (station 2) 
and the exit (station 4), the value of the pressure recovery 
required in order to determine such a value of the thrust 
would be the pressure recovery between stations 2 and 3. 
For inlets operating in subsonic flow, the ‘pressure recovery 
between stations 1 and 3 is the same as between stations 2 
and 3; whereas for inlets having external compression operat- 
ing in supersonic flow, the pressure recovery between stations 
1 and 3 is different from the pressure recovery between 
stations 2 and 3. Therefore, for supersonic inlets the value 
of the pressure recovery between stations 2 and 3 would not 
correctly define the inlet characteristics. 

Actually, in subsonic flow, the external compression in 
front of the inlet is isentropic and the pressure recovery 
between stations 1 and 3, or between stations 2 and 3, is 
therefore the same. In supersonic flow, however, the two 
values are different because the compression between stations 
1 and 2 occurs with shock waves. 

For the supersonic case, because the pressure recovery is 
usually given by the pressure ratio between stations 1 and 3, 
which is the only value that correctly describes the properties 
of the inlet, the definition of external drag consistent with 
the value of the pressure recovery must be that the drag is 
the resultant of the pressure along the surface ABC. The 
surface BC is a physical surface along which the pressure 
can be measured and the resultant of these pressure forces 
is a force that is called the pressure drag; the part AB, 
however, is a streamline which represents a fictitious surface 
along which the pressure must also be determined. For 
subsonic flow, the pressure drag along ABCD is zero and all 
the losses are viscous losses that can be determined by a 
momentum measured at C; whereas, in supersonic flow, the 
pressure along AB and along BC are finite because an increase 
in entropy occurs across shock waves so that the part of the 
drag along AB must also be considered. This point may be 
clarified by the following consideration. Consider the 
streamline ABC (fig. 3 (b)) which divides the entering inlet 
flow from the external flow where B is the entrance of the 
inlet. In supersonic flow, the compression from A to B 
(fig. 3 (b)) produces a shock wave in the external flow which 
produces an increase of entropy also in the external flow. 
Therefore, when the momentum equation is applied to the 
external flow between sections A 00 and C a, a force is found 
which represents the resultant of the pressure along the 
stream tube denoted by AB and BC and is a function of the 
entropy increase across the shock waves existing in the flow 
between A ~0 and C m . 

The existence of the additive drag can be visualized if the 
cowling is considered to be extended along stream tube AB. 
In this case the flow inside and outside the inlet does not 
change and is similar to the flow for an inlet with internal 
compression, but the pressure along AB gives a force that 
corresponds to additive drag. This drag is a function of the 
difference in diameter between AA and BB and becomes zero 
when the lip is at points A. In this case the condition of the 
inlet is analogous to that of the inlet with internal compres- 
sion and this drag disappears. . 

The additive drag as a force is found in this case (fig. 2) as 
the resultant of the pressure forces on the central body. Part 
of the central-body drag is included in the consideration of 
pressure recovery and is given by the difference of the force 
acting along at the surface OD and from the pressure along 
the surface AB; whereas the force along the surface AB is not 
included in the value of the pressure recovery. 

Additive drag exists in any case in which supersonic 
external compression which produces shock waves in the 
external flow occurs. For example, as in the case shown in 
figure 4, the drag due to the increase in entropy across the 
strong shock corresponds to the resultant of the pressure 
force along the stream tube AB and is found as the resultant 
of the pressure force acting on the body placed inside the 
channel. 

In order to eliminate the additive drag, the size and posi- 
tion of the central body of the inlet must be such that the 
shock wave OA (fig. 2) is tangent to the cowling at the 
point B. For this case the additive drag is zero. 

(a)’ 

/ ,_J _-Shock wove 

(b) 

(a) Subsonic kc-stream Mach number. 

(b) Supersonic free-stream Mach numbor. 

FIGURE 3.-Sclmmatic rcgrcscntation of flow around inlcts. 

Strong shock-- 

\’ 



I 

PRELIMINARY INVESTIGATION OF A NEW TYPE OF SUPERSONIC INLET 5 
For a given central-body cone angle the lip of the cowling 

can have many positions with respect to the cowling that 
can be defined by the angle or, which is the angle formed by a 
line from the vertex of the cone to the lip of the cowling and 
the cone axis. Thus, in order to decrease the additive drag 
the value of the angle e1 considered for the inlet must be very 

r- near to the value of the angle of the conical shock 8, at the 
maximum Mach number considered. 

The external direction of the cowling at the lip must be 
chosen in such a way as to avoid other external shocks which 
would increase the external drag. Therefore, the external 
direction should be as nearly parallel as possible to the frcc- 
stream direction for the condition of supersonic flow at the 
leading edge. Because of the low inlet entering Mach num- 
ber, this condition requires that the external direction of the 
lip of the cowling be very close to the direction of the incom- 
ing streamline. The internal part of the cowling must be 
designed in such a way as to avoid a detached shock at the 
lip for the Mach number range considered because a detached 
shock also extends outside of the cowling; thercforc, the 
direction must be approximately tangent to the strcamlinc 
and the lip of the cowling must8 be sharp with a minimum 
possible angle at the edge of the lip. 

Flow conditions at different Mach numbers and for 
different mass-flow conditions.-If the diffuser is designed 
for the maximum operating Mach number, when the Mach 
number is rcduccd the conical shock angle increases and the 
shock at the lip bccomcs less intcnsc. Because the length 
of the strcamlinc bctwccn the shock and the lip incrcascs, the 
additive-drag cocfhcicnt increases. The additive intcrnnl 
drag ancl the maximum prcssuro rrcovcry that can ba 
obtained for a fixed-gcomctry iulct ancl thcrcforc for given 
values of BC and et can bc clctcrminccl analytically on the basis 
of cone theory (rcfcrenccs 4 and 5). Some results of the 
calculations are shown in figures 5 to 7. In figure 5 the 
additive-drag coefficient is calculatecl for two values of ec ancl 
for different Mach numbers as a function of 8, basecl on both 
the cowling entrance arca and the free-stream tube area. In 
figure 6 the values of the angle of the shock as a function of 
the stream Mach numbrr for cliffcrcnt cones is shown. 

As is shown in figure 5, the aclclitivc-drag cotfhcicnt in- 
creases if the Mach number dccrcases from the value of the 
Mach number corresponding to the clcsign conclitions, if the 
cone angle increases, and if the value of Bz clecreascs. 

Ik 

The thcorctical maximum prcssurc rccovcry that can be 
obtained is shown in figure 7. The values arc clctcrminccl 
on the assumption that no friction or separation losses exist. 
For comparison, analogous values detcrminocl in refcrencc 1 
for an inlet with internal compression arc shown. The prcs- 
sure recovery decreases if the cone angle decreases and 
decreases slightly if the value of el increases (other conditions 
remaining the same) because the Mach number at the lip 
of the cowling (points B of fig. 2) increases and therefore 
the average Mach number at the intake increases. The 
variation of the supersonic pressure recovery is gradual and 
for all Mach numbers is higher than the corresponding values 
for the inlet with internal compression. For Mach numbers 
of the order of 2, the differences can be of the order of 15 
percent. 

24230&53-Z ,’ : .,- 

If the subsonic losses are considered, the value of’ the 
pressure recovery must decrease notably. The differences 
must be larger for higher Mach numbers and for smaller 
cone angles, because the Mach number at the surface of the 
cone increases if the free-stream Mach number increases and 
if 8, decreases; thus the shock at the entrance becomes 
stronger and the separation can be more severe. In figure 8 
the Mach number on the cone surface is given for different 
cone angles as a function of the free-stream Mach number. 
It can be expected that the subsonic losses for the inlet with 
the central body will be of the same order as the losses for 
the inlet with internal compression. For the inlet with the 
central body the wetted surfaces arc larger and the subsonic 
compression is much stronger (beginning with higher Mach 
numbers) but the shock and the corresponding pressure 
gradient at the beginning of the subsonic diffuser are much 
weaker; therefore, differences of the same order as the theo- 
retical values can be expected practically. 

As the Mach number changes, the direction of the stream- 
lino at the lip of the cowling remains practically constant 
n.nd therefore no important shocks or expansions occur at 
the lip when tho Mach number changes. Figure 9 shows 
the clircction of the streamline cp as a function of er for 
clifl’eront Mach numbors and cone angles BC. 

When the flight Mach number clecreascs, the maximum 
diameter of the free-stream tube which can go into the inlet 
decrenscs ancl the amount of the variation of the diameter 
incrrases when the cone angle increases. In the type of 
inlet with intOrnn.l supersonic compression the cliamctcr rc- 
mains constant wlicn the Mach number iiicrclnscs in com- 
parison with the starting Mnch number and dccrcnscs if 
tlic! 3laoh nunibcr clccrcas0s in comparison with this vuluc. 
In figure 10 the mnximum clinmct0r of the free-stream tube 
corresponding to the internal flow is given as a function of 
the free-stream Mach number and the cone nngle. The 
values for the inlet with internal compression arc also shown. 

The maximum mass flow which enters the inlet with a 
central body for a given Mach number and altitude cannot 
bc incrcasecl without changing the gcomctry of the inlet, but 
iL can be tlccrcasctl with less increase of drag than for an 
inlet with intcmal compression and without any change of 
pressure recovery. The variation of the mass flow for the 
inlet with external compression is similar to that of the inlet 
with internal compression at lower Mach numbers. If the 
pressure at the end of the diffuser is increasecl, the normal 
shock is pushecl outsicle the inlet and the climensions of the 
free-stream tube which enters the inlet clccreasc. (See fig. 
11.) When the strong shock moves outside the pressure 
recovery does not change appreciably because the variation 
of Mach number in front of the shock and therefore the 
variation of the intensity of the shock is very small. The 
strong shock also extends outside, but the intensity is small 
and therefore the variation of external drag is small and of 
different orcler than for the type of inlet with internal com- 
pression. If the variation of mass flows occurs at low Mach 
numbers and the flow at the entrance is subsonic, the varia- 
tion of the mass flow must cause the shape of the conical 
shock to change, and the curvature therefore gradually 
increases. 

. 
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FIGURE &--Mach number along surface of the cone as a iunction of the free-stream Mach number. 
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Free-stream Mach number, M, 

‘.Maximum diameter of 
free-stream tube 

FIGURE Il.--Schematic diagram of the flow when the mass flow into the inlet is reduced. 

If the angle of attack of the inlet is changed slightly, the 
pressure recovery and the external drag cannot change 
appreciably because the conical-flow phenomena are not 
very sensitive to small variations df angle of attack. The 
intensity of the shock must increase on the side in which 

3 

11 

I 

the tlcviation of the stream producctl by the cone increases 
and must decrease on the opposite side; therefore, the pres- 
sure recovery must not change although the cxtcrnal drag 
must increase slightly. 

The pressure drag---In order to have a complete analysis 
of the problem, an estimate of the pressure drag of the 
inlet with external compression must be made. Because the 
shock produced by the cone is strong, the increase of pressure 
on the external lip of the cowling is large and therefore gives 
the impression that the pressure drag must also be very 
large. In order to make a comparison and to obtain some 
criteria for clesigning the external part of the inlet, the 
pressure clistribution was de&mined for different external 
lip shapes for values of ez of 42O and 46’ at a Mach number 
of 1.65 for a 30’ cone. The calculations were made by use 
of the characteristics system described in reference 6. 

Because it was necessary to know the length and the 
maximum diameter of the inlet to determine its external 
shape, a possible design was made by use of the following 
data. The Mach number at the maximum section was 
fixed at 0.24; therefore, the ratio of the maximum diameter 
to the diameter of the free-stream tube was equal to approxi- 
mately 1.5 for a Mach number of 1.65. The length of the 
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cowling was determined on the basis of the internal diffusion 
and was fixed at a value of the order of 3 diameters. For 
comparison an inlet with internal compression and with the 
same design conditions was analyzed. For every angle eZ 
two external shapes were designed. (See fig. 12.) All 
external shapes for the inlet with external compression have 
the same direction as the streamline at the lip of the cowling, 
but the first cowling changes direction gradually near the 
lip and then changes direction rapidly and becomes tangent 
to the cylinder whereas the second has a strong variation 
of direction (corresponding to the maximum possible prac- 
tically) near the lip which continues more gradually until 
the cowling becomes tangent to the cylinder at a distance of 
approximately 1.5 inlet diameters. 

The two designs were fixed on the basis of the following 
aerodynamic criteria. The streamline reached the lip of the 
cowling with high pressure and low velocity and made an 
angle with the free-stream velocity. If it were possible to 
produce a deviation of expansion at the lip equal to the 
difference in direction between the free-stream direction 
and the direction of the flow at the lip, the pressure would 
decrease abruptly and become less than free-stream pressure 
because the expansion would occur locally with the two- 
dimensional law. In this case the pressure along the cowling 
would later increase a.gain but the value would remain low 
and therefore the pressure drag of the body would be very 
low. Accordingly the first external shape was designed with 
the idea of producing the maximum possible practical 
expansion of the flow in such a way as to reduce the pressure 
to a low value on the external part of the cowling. The 
second shape was designed to have less expansion near the 
lip and larger expansion farther back and the pressure was 
calculated in order to determine the difference in drag in the 
import.ance of producing a large expansion near the lip. 
The ordinates for the four cowling shapes considered arc 
given in table I. 

Shape 2-------.- 
Shape I--.. Y 

I I 

-Ll Inlet with internal compression 

_---------- G.-- 

FIWRE 12.-The external shapes ot the inlets with external compression and the inlet with 
internal compression used to determine the pressure drag. 

TABLE I.-EXTERNAL COWLING COORDINATES 

&=4Z" al=460 
-- -- 

Shape 1 Shape 2 Shape 1 Shape 2 
- -- - 

21 Rz 21 Rz 21 R2 ZI RZ 
--____ --- -____--__- 

0 1.04lfl 0 1.00 0 1.00 0 1.000 
.05 1.013 .05 1.020 .05 1.015 .05 1.015 

::i 1.025 1.035 ::: 1.037 1.053 .15 10 1.032 1.047 : 10 15 1.032 1.047 
.20 1.045 1;: 1.070 20 

1.088 :30 
1.063 .20 1.063 

.25 1.053 1.087 .30 1.090 

.30 1.061 .30 1.100 .40 1.104 .40 1.115 

:Z 1.076 1.092 : 40 50 1.125 1.148 .50 .60 1.122 1.13x :fZ 1.136 1.155 
60 1.104 1.170 

:t .80 90 1.190 1.207 1. 224 1::: 2: 

1.150 . 70 1.173 

2: 1.117 1.130 1.143 1.162 l.li4 1. 1SG 1.00 .80 .90 1.189 1.206 1.221 
1.00 1.157 1.00 1.242 1. 10 1.198 1.10 1.235 
1.10 1.169 1.10 1.259 1.20 1.207 1. 20 1.248 
1.20 1.182 1.20 1.273 1.30 1.216 1.30 1.259 
1.30 1.193 1. 30 1.282 1.40 1.228 1.40 1.271 
1.40 1.205 1.40 1.288 1.50 1.238 1.50 1.282 
1. 50 1.215 1. 50 1.293 1.60 1.250 1.60 1.292 
1.60 1.227 1.60 1.29R 1. i0 1.260 1.70 1.302 
1. 70 1.235 6.00 1.298 1.80 1.272 1. x0 1.312 
1.80 1.248 1.90 1.282 1. 90 1.321 
1.90 1.258 2.00 1.293 2.00 1.330 
2.00 1.267 2. 10 1.304 2. 10 1.338 
2. 10 1.274 2. 20 1.315 2.20 1.347 
2.20 1.282 2.30 1.326 2.30 1.355 
2.30 1.2R8 2.40 1.338 2.40 1.362 
2.40 1.293 2. 50 1.348 2.50 1.370 
2. 50 1.295 2. 60 1.357 2.60 1.877 
2. GO 1.298 2. 70 1.363 2.70 1.382 
6.00 1.298 2.80 1.3fis 2. 80 1.385 

2.90 1.373 2.90 1.386 
3.00 1.3ii 3.00 1.388 
3. 10 1.380 3. 10 1.388 
3. 20 1.383 3. 20 1.38R 
3.30 1.3x5 3.30 1.388 
3.40 1.38i 3. 40 1.388 
3.50 1.390 3.50 I.389 
Ii. 00 1.390 3.60 1.300 

6. 00 1.390 

The results of the calculations arc summarized in the 
following table in which some values for a Mach number of 
2.00 are also indicated: 

Inlet with estcrnal compression 

o.=30°, Af=1.65 

SlEllK! 

01=46’= 4’ 0,=42’ 

1 
2 

eo=300, ni=z.co 

1 j 0.05G2 1 0.0404 

Inlet with internal compression 
(having 4’ inclinstion) 

-- 
1. G5 0.076 
2.00 ,084 

The data for klach number 2.00 have been obtained with 
less accuracy than the values for Mach number 1.65 but the 
results have sufficient accuracy for the analysis. The 
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external drag coeflicients are referred to the cowling entrance 
area. As is shown in the table, the values of the pressure 
drag can change appreciably with the external shape. The 
values of the pressure-drag coefficient change slightly when 
the value of or changes (the frontal area of the cowling 
increases for the same mass flow when the value of 01 
increases) but the drag remains small and is of the same 
order of>magnityde as for the other type of inletif the,clesign 
is -correct. The variations of pressure drag corresponding 
to the variation of e2 are much smaller than the corresponding 
variations of the additive-drag coefhcient. 

For the inlets with external compression it is necessary 
to add to the pressure drag the additive drag, which is given 
in the following table: 

CD~ (refcrrcd to cowling entrnnce area) 

,fgCG- “‘::‘“’ -y 
As is shown, the additive drag is very important; therefore, 
it is necessary to choose the value of ol, on the basis of the 
maximum flight Mach number, very near to the value of OS. 

The preceding considerations show that for every Jlnch 

(b) 

(b) M,=1.52, 1.72, and 2.10. 

Fronm Il.-Design of the instnllntion. 

number there exists a value of ez equal to the value of 8, 
for which the additive-drag coefficient is zero. It is evident, 
therefore, that the value of the additive drag can be decreased 
notably at Mach numbers lower than the design Mach num- 
ber without changing the value of the pressure recovery if 
an inlet is used that permits some variation of the value of 
el by moving the position of the central body. 

J.. 
TESi! RESlJLi-S’ - 

Because the theoretical analysis has shown that very 
high pressure recovery must be expected with the arrange- 
ment considered, an experimental investigation was made 
to check the results of the calculations. The tests were 
made in an intermittent jet used for tests of compressor 
cascade blades at subsonic Mach numbers, which was trans- 
formed for these tests into a supersonic jet. The necessity 
of changes and the scarce .air supply that was used simul- 
taneously for other experimental installations caused a very 
long period of testing to be required ; therefore, the tests 
were concluded long after the theoretical analysis was 
finished. 

APPARATUS AND METHODS 

In order to investigate experimentally the properties of 
diffusers with external supersonic compression, three models 
mere designed for tests in the modified 4-inch cascade tunnel 
at the Langley Laboratory. The cascade tunnel was modified 
in such a way as to permit supersonic tests, and two- 
dimensional supersonic nozzles were constructed for obtain- 
ing parallel flow in the test chamber. The nozzles were 
made of wood; the surfaces therefore had a degree of rough- 
ncss and some waves were produced from the small wrinkles 
and porosity on the nozzle surfaces. These waves were of 
small intensity and therefore were not considered to have 
any effect on the aerodynamic phenomena of the inlets. 
The dimensions of the test chamber were about constant for 
all Mach numbers and were of the order of 4 by 5 inches. 
The air supply was obtained from a high pressure tank which 
pcrmittecl the obtaining of relatively dry air and, therefore, 
condensation effects were not important. 

Tests mere made at Mach numbers of 1.33, 1.52, 1.72, 
and 2.10, and a different system of tests was used for the 
different Mach numbers. For a Mach number of 1.33 a 
completely open jet was used and the test-chamber pressure 
was made larger than atmospheric pressure to avoid choking 
effects. For tests at the higher Mach numbers, diffusers of 
different shapes were used to avoid large pressure ratios for 
the start of supersonic flow. Figure 13 shows schematic 
sketches of the installation. 

The models tested had 2;inch diameters at the cylindrical 
part and the Reynolds number of the tests (referred to the 
outside diameter) was of the order of 3.5X106 for a Mach 
number of 2.10 and increased to 4.5X loo for a Mach number 
of 1.33. All the models were designed in such a way as to 

. 
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maintain the same subsonic diffuser shape in order to avoid 
the introduction of another parameter in the analysis, and 
therefore the models were made with interchangeable cones 
and cowlings for changing the geometry of the supersonic 
part of the inlet. The supersonic part was designed so that 
the same flow conditions were maintained in the subsonic 
diffuser for the same test Mach number whereas the same 
model was used for the subsonic diffuser and the mass-flow 
variation system. (See fig. 14.) 

The aerodynamic parameters considered for the model 
designs are shown in figure 15, in which a small shock is 
designed on the outside of the lip. The shock is produced 
by the lip that was placed at an angle with respect to the 
streamline in the tests, as will be explained later. In a 
large-scale model this shock can probably be eliminated 
because the lip can be constructed with a smaller angle than 
the model; therefore, the corresponding drag can be elimi- 
nated in full-scale models. The shock exists in the models 
tested, however, and can be seen in the schlieren photographs. 
(See fig. 16.) 

The internal part of the diffuser was designed to have a 
gradual increase in section from the lip of the cowling to 
the end of the diffuser. The divergency of the stream tube 
increased at the end of the diffuser and was practically zero 
at the lip of the cowling. The long throat at the minimum 
section was included to reduce the separation due to the 
strong shock and to decrease the effect of disturbances 
produced in the subsonic part, as is shown in reference 7. 
The average angle of divergency of the stream tube is 8’ 
(total) . 

For every model and for every Mach number, different 

tests were made with different values of back pressure. The 
back pressure was varied by moving the position of a plug 
at the exit of the diffuser (fig. 14). Several combinations of 
cones and cowlings were tested. The models were designed 
with the following geometrical parameters. The first model 
had a 30’ cone angle and eZ was 42” (cone I, cowling I). The 
second model had the same cone angle but e1 was 46’ (cone 
II, cowling II). The third model had a 25O cone angle and 
e1 was chosen to correspond to the inclination of the shock 
for the 25’ cone for the same Mach number (2.60) for which 
the shock is inclined 42’ for the 30’ cone; the angle e1 was 
36.5’ (cone III, cowling III). 

The cowlings for these three combinations must be de- 
signed theoretically to have the direction of the lips parallel 
to the streamlines. Because small-scale models were used, 
it was not possible to keep the angle of the cowling near the 
lip as small as is desired and as must be the case for a full- 
scale model. The angle was therefore placed half outside 
and half inside the theoretical direction of the stream on 
the assumption that the compression outside can be avoided 
in a full-scale model. The external inclinations of cowlings 
I, II, and III were 21°, 19O, and 17.2’, respectively, 
and the internal inclinations were 19’, 17’, and 15.2’, 
respectively. Cowling III, designed for the 25’ cone model, 
was also tested with cone I, and cowling II was tested with. 
cone I to determine the sensitivity of the phenomena to 
small variations of geometrical parameters. 

Because no drag measurements were made, the external 
shape of the cowling was designed in accordance with aero- 
dynamic criteria near the lip only, whereas in the back 
part only constructional criteria ivere considered. 
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RESULTS AND DISCUSSION 

The values of the pressure recovery obtained for the op- 
t imum conditions (conditions of strong shock at the lip of 
the inlet) are shown in figure 17 for the different models 
tested. In figure 18  the efficiency of the inlet is shown. 
This efficiency is defined by equation (1) of reference 1 as 

(1) 

For comparison the maximum pressure recovery and effi- 
ciency obtained experimentally for a type of inlet with 
internal compression as a function of the free-stream Mach 
number are also shown. 

The variation of the pressure recovery obtained when the 
mass flow entering the inlet decreases is shown in figure 19. 
In this figure the pressure recovery is plotted as a function of 
the ratio of the mass flow considered to the maximum mass 
flow possible, a  ratio which is called the relative mass flow. 

In figure 16 some schlieren photographs for different 
conditions of mass flow into the inlet are shown. The 
schlieren photographs show that when the mass flow dc- 
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creases the phenomena change gradually and steadily’ 
The tests were made with the shock far from the lip. 

The test results confirm the theoretical predictions and 
show that with an inlet with a central body higher pressure 
recoveries can be obtained than with an inlet with internal 
compression. The tests also show that for a given cone angle 
and for a given Mach number the pressure recovery changes 
very slightly if the .value of ‘-8, changes. It is therefore 
possible to obtain very high pressure recovery for the flight 
conditions considered, as found in the tests, and low drag if 
the inlet is designed for the Mach number considered with a 
value of ec very near to the value of O, to eliminate the addi- 
tive internal drag. In this case the advantage of external 
compression in increasing the pressure recovery is not reduced 
by a large increase in drag. 

Schlieren photographs show that when the mass flow is 
reduced the strong shock goes outside of the intake and moves 
forward in the direction of the conical shock and the conical 
shock becomes curved. This curvature shows that the ex- 
ternal drag increases but the variation is gradual. For the 
low Mach numbers, when the flow behind the conical shock 
becomes subsonic, the variation of the mass flow changes the 
shape of the conical shock which becomes curved. 

8,=56t 
\/ ____ _______+___ L --------- &  

M  
1.14 4 
I .05” ,.; 
I .oo.” 

‘.\, 

“'-..8,='36" 30' ‘. 4  
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FIGURE 15.~-Schematic diagram of the aerodynamic phenomena. 
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FICXIRE I&-Schlieren photographs for the inlet with internal compression for different values of relative 
mass flow. 8.=30”; 8,=42”. 



.  . I  

P R E L IM IN A R Y  IN V E S T IG A T IO N  O F  A  N E W  T Y P E  O F  S U P E R S O N IC  IN L E T  1 7  

F re e - s i r e a m  M a c h  n u m b e r, 4 4 , 

~ ~ ~ ~ ~ ~  1 7 , - E s p c r i m c o t o l  I~ & ~  o f p r e s s u r e  r w o v o r y  fo r  th e  o p ti m u m  c o n d i ti o n s  n s  n  fu n c ti o n  o f fre e - s t r e a m  M a c h  n u m b o r fo r  fi x e d - g e o tn e t r y  i n l e t. 

III 

I 

.9 6  
-  -  - -  -  

F  
s  . \ 
.g  .9 2  . . . 
.u  \ \ 
z  ” 

F re e -s t re a m  M a c h  n u m b e r, M I 

F IQ U R E  1 8 . - E x p e r i m e n t a l  v a l u e s  o f e ffi c i e n c y  fo r  th e  o p ti m u m  c o n d i ti o n s  a s  B  fu n c ti o n  o f fre e - s t r e a m  M a c h  n u m b e r fo r  fi x e d - g e o m e t r y  i n l e t. 

I..- ~ --. .- 



III I II II I lllll!! 

18 

I! llllll lllllll IIIIII lllllll I llllll Ill 

REPORT 1104-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
,’ 

0 

“II = 1.72 

At,= 1.33 

6 .? 
Relotive moss flow 

.8 .9 1.0 
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The efficiency of the inlet with external compression. is 1.33 to 1.52, 92 percent for a Mach number of the order of 
very high and therefore a large increase in the value of the 1.72, and 86 percent for a Mach number of the order of 2.10, 
thrust coefficient will be obtained using this type of inlet, if values which are much higher than the corresponding values 
the inlet is designed so as to reduce the drag to a minimum. that can be obtained with an inlet with internal compression. 

CONCLUSIONS 

A new type of inlet with all the supersonic part of the 
deceleration outside of the diffuser is analyzed theoretically, 
and it is shown that this arrangement permits higher pressure 
recovery than an inlet with internal compression. It is 
shown also that the external supersonic compression can 
eliminate or reduce all the discontinuities of flow character- 
istics which exist for a type of inlet with internal compression 
when the flight Mach number or the mass flow decreases 
from the values fixed by the design conditions. The maxi- 
mum mass-flow variation as a function of the free-stream 
Mach number is larger than for the inlet with internal com- 
pression and the law of variation is dependent on the angle 
of the central cone. A design criterion is given for reducing 
to a minimum the value of the drag produced by the external 
supersonic compression which can be high for some flight 
conditions. 

LANGLEY AERONAUTICAL LABORATORY, 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., November 14,mJ946. 
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